Objectives: During long-term culture, loss of stemness is observed which greatly restricts the application of human periodontal ligament stem cells (hPDLSCs) in tissue regeneration. Oestrogen (E2) was found to significantly enhance the proliferation and osteogenic differentiation capacity in mesenchymal stem cells. Therefore, in this study, we investigated effects of E2 on hPDLSCs stemness in long-term culture.
| INTRODUCTION
Periodontitis is a highly prevalent inflammatory disease and the common cause of tooth loss worldwide; however, the conventional periodontal therapy is unable to reconstruct the injured or lost periodontal tissue. 1, 2 The development of stem cell-based tissue engineering provides a new and promising approach for the treatment of periodontitis. 2 The periodontal ligament is a complex connective tissue located between the alveolar bone and the cementum, playing an important role in maintaining teeth in situ. 3 Human periodontal ligament stem cells (hPDLSCs), a unique population of mesenchymal stem cells (MSCs), are found in periodontal ligaments. These stem cells are both pluripotent and capable of self-renewal. 4 Compared with human bone marrow mesenchymal stem cells (hBMSCs), hPDLSCs are readily accessible. 5, 6 Therefore, hPDLSCs are considered a favourable candidate for periodontal tissue regeneration.
However, increasing evidence suggests that MSCs lose their stemness gradually during long-term culture in vitro, which is accompanied by a decline in proliferation and differentiation, a shortening of telomeres and an increase in apoptosis. 7, 8 The loss of stemness in hPDLSCs limits the application of hPDLSCs in tissue engineering. 9 Thus, retaining hPDLSCs stemness during long-term culture becomes essential for further application of hPDLSCs in treatment of periodontitis.
Oestrogen (E2) is a hormone that plays a key role in body metabolism, affecting biological processes that include bone formation, 10 angiogenesis 11 and autoimmunity. 12 Recently, studies reported that exogenous E2 enhanced the proliferation and osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs), dental pulp stem cells and stem cells from apical papilla. [13] [14] [15] It suggests that E2 might have the potential to enhance the proliferation and osteogenic differentiation of hPDLSCs during in vitro culture.
In this study, we investigated the effects of E2 on stemness of hPDLSCs. We found that E2 enhanced the proliferation and the ratio of G2/M + S phase, up-regulated the expression of stemnessrelated genes, promoted osteogenic differentiation and elevated the positive rate of CD146 and STRO-1 over 10 passages, which caused by stimulation of PI3K/AKT signalling pathway. Taken together, our results showed that E2 treatment efficiently retained the long-term self-renewal ability and pluripotency of hPDLSCs, providing a candidate strategy for the application of hPDLSCs in tissue engineering. Briefly, hPDLSCs were isolated from periodontal tissue in the middle one third of the root, digested with 3 mg/mL collagenase type I and 4 mg/mL dispase (Gibco-BRL, Grand Island, NY, USA) for 1 hour at 37°C. Colony-forming cells were collected and cultured in phenol redfree alpha modified Eagle medium (α-MEM; Gibco-BRL) supplemented with 10% charcoal-treated (Gibco-BRL), 100 μg/mL streptomycin, 100U/mL penicillin (HyClone, Logan, UT, USA), and 5 mmol/Lglutamine (Gibco-BRL) at 37°C in 5% CO 2 . The all hPDLSCs isolated from 12 same individuals were mixed together for all experiments.
| MATERIALS AND METHODS

| Cell isolation and culture
| E2 treatment
Passage 3 (P3) hPDLSCs were treated with 10 −7 mol/L E2 (SigmaAldrich, ST.Louis, MO, USA) for 48 hours for short-term stimulation.
Human periodontal ligament stem cells cultured with 0.01% (V/V) ethyl alcohol were used as control. ICI 182780 (10 −6 mol/L; SigmaAldrich), the E2 receptor (ER) antagonist, was used to abrogate the function of E2. 17 The PI3-kinase inhibitor LY294002 (2.5 μmol/L; Cell Signaling Technology, Danvers, MA, USA) was used to eliminate the activation of the AKT pathway in hPDLSCs. 18 P3 hPDLSCs were cultured to passage of 10 hPDLSCs with E2 for long-term stimulation. For the control, hPDLSCs were cultured in same medium but without E2. 
| Cell proliferation assay
| Surface markers expression of hPDLSCs
| Colony-forming unit-fibroblast (CFU-F) assay
To assess the colony-forming efficiency of hPDLSCs, cells were seeded at a density of 1000 cells /10 cm dishes in phenol red-free α-MEM. After 10 days, the cells were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. Aggregates of 50 or more cells were scored as a colony unit. Colony-forming unit-fibroblast efficiency was determined by the number of colony units relative to the total number of seeded cells. 
| Immunofluorescence staining
| Pluripotency of hPDLSCs
Human periodontal ligament stem cells were seeded at a density of 1 × 10 5 cells/well in 12-well plates. For osteogenic differentiation, cells were cultured in an osteogenic induction medium (phenol red-free α-MEM supplemented with 10% FBS, 10 mmol/L β-glycerophosphate, 10 nmol/L dexamethasone and 50 μg/mL ascorbic acid). 22 The medium was replaced every other day with fresh osteogenic induction medium. Three weeks later, cells were fixed with 4% paraformaldehyde and stained by the Alizarin red. After dissolving with 10% (w/v) cetylpyridinium chloride (Sigma-Aldrich), quantification of stained nodules was detected by automatic microplate reader at 562 nm.
For adipogenic differentiation, cells were cultured in adipogenic medium (Cyagen Biosciences Inc, Santa Clara, CA, USA). Two weeks later, cells were fixed with 4% paraformaldehyde and stained with oil red O.
| Alkaline phosphatase (ALP) activity
After 7 days of osteogenic induction, hPDLSCs were fixed and stained following the protocol provided by the BCIP/NBT alkaline phosphatase colour development kit (Beyotime Biotechnology, China) for 30 minutes. ALP activity of hPDLSCs was measured according to the manufacturer's instructions using the Alkaline Phosphatase Assay kit (Beyotime Biotechnology). 23, 24 Cells were incubated for 30 minutes in the dark. Quantification of ALP activity was detected using an automatic microplate reader at 405 nm.
| Quantitative real-time reverse transcription polymerase chain reaction (RT-PCR)
Total RNA was isolated from hPDLSCs using TRIzol reagent (Life Technologies), and first-strand cDNA was synthesized using a reverse transcriptase M-MLV Kit (TaKaRa, Japan). Gene expression level was quantified by RT-PCR using a SYBR Green kit (Roche, Switzerland)
with the gene-specific primers. Cycling parameters were set as follows: 95°C for 10 minutes, followed by 40 cycles at 95°C for 15 s, 60°C for 20 s, and 72°C for 20 s. The gene-specific primers used are reported in Table 1 .
| Western blotting
Cell extracts containing 40 μg of total protein were separated by electrophoresis on sodium dodecyl sulphate polyacrylamide gels, and subsequently transferred to nitrocellulose membranes. After transfer, the membranes were blocked with PBS containing 5% non- is considered statistically significant.
| RESULTS
| Characterization of hPDLSCs
Human periodontal ligament stem cells formed colonies from a single cell, and exhibited a typical fibroblast-like morphology
Genes target Sequence Predicted size (bp)
hTERT Forward: 5′-CCGATTGTGAACATGGACTACG-3′ 99
Reverse: 5′-CACGCTGAACAGTGCCTTC-3′
Oct4
Forward: 5′-GGGCTCTCCCATGCATTCAAAC-3′ 197
Reverse: 5′-CACCTTCCCTCCAACCAGTTGC-3′
Sox2
Forward: 5′-GTGAGCGCCCTGCAGTACAA-3′ 82
Reverse: 5′-GCGAGTAGGACATGCTGTAGGTG-3′
c-Myc Forward: 5′-AATGAAAAGGCCCCCAAGGTAGTTATC C-3′
112
Reverse:5′-GTCGTTTCCGCAACAAGTCCTCTTC-3′
GAPDH
Forward: 5′-AGCCACATCGCTCAGACAC-3′ 67
Reverse: 5′-GCCCAATACGACCAAATCC-3′
hTERT, human telomerase reverse transcriptase. but they were negative for the hematopoietic cell marker CD34 (0.056%; Figure 1D ). Human periodontal ligament stem cells positively expressed the vimentin, a marker of MSC, and negatively expressed the cytokeratin, which is an epithelial marker ( Figure 1E ).
Therefore, the results suggested that the isolated hPDLSCs were mesenchymal origin.
| E2 improved the proliferation and the expression of stemness-related genes of hPDLSCs
The effects of E2 on the proliferation of P3 hPDLSCs were assessed by MTS assay. Results showed that, in the time points of 48 and 72
hours, cells of 10 −7 mol/L E2 group had a higher proliferation rate than Control group, 10 −8 and 10 −6 mol/L E2 groups (Figure 2A ). The concentration of 10 −7 mol/L was selected as the optimal concentration in the following experiments. To confirm this effect was caused by E2, we added an oestrogen receptor antagonist, ICI 182780 (ICI) which would specifically block E2 signalling. 25 The results showed that ICI impaired the promotion of cells proliferation induced by E2
and indicated that this effect was specifically induced by E2. We noticed that E2 affected the cells started at 48 hours ( Figure 2B ). Thus, the time of 48 hours was used as the appropriate observing time in the following experiments. In cell cycle analysis, we found that the ratio of E2 group during the proliferation period of G2/M + S phase was significantly higher than Control group. However, the rate of proliferation period (G2/M + S) significantly decreased in E2 + ICI group ( Figure 2C ). It suggested that E2 enhance the proliferation rate of hPDLSCs via prolong the ratio of G2/M + S phase. Human telomerase reverse transcriptase (hTERT), the catalytic component of telomerase, is closely involved in the stem-like properties in hBMSC. 26 E2 treatment significantly increased the levels of hTERT, while the effect could be abrogated by the additional ICI treatment ( Figure 2D ). Pluripotent transcription factors Sox2, Oct4 and c-Myc play important roles in regulation of MSCs cycle, which is considered as stemness-related genes in stemness maintenance. 27 We evaluated the effects of E2 on the gene expression of Sox2, Oct4 and c-Myc by RT-PCR. Similarly, E2 treatment significantly increased the levels of Sox2, Oct4 and c-Myc, while the expression decreased in E2 + ICI group ( Figure 2D ).
| E2 treatment activated PI3K/AKT signalling pathway in hPDLSCs
We next investigated the potential signalling pathway involved in the function of E2 to P3 hPDLSCs. It has been reported that PI3K/ AKT signalling pathway plays a crucial role in stem cells self-renewal, differentiation and stemness maintenance. 28 Therefore, we focused on PI3K/AKT signalling pathway during E2 treatment in 48 hours.
Compared with Control group, the expression levels of P-AKT and P-GSK-3β significantly increased in E2 group. Then, we continuously (Figure 3A,B) . MTS assay exhibited that the proliferation rate of E2 + LY group lower than E2 group after 48 hours ( Figure 3C ).
RT-PCR results showed that the expression of hTERT, Sox2, Oct4, and c-Myc were significantly down-regulated in E2 + LY group in comparison to E2 group ( Figure 3D ). These results exhibited that E2 treatment improved the stemness of hPDLSCs via the PI3K/AKT signalling pathway.
| E2 improved the proliferation and stemnessrelated genes of hPDLSCs in long-term culture
To determine the effect of long-term in vitro passaging on the stemness of hPDLSCs, we compared the ability of proliferation and osteogenic differentiation between P3 hPDLSCs and P10 hPDLSCs.
Proliferation assay showed that the growth rate of P10 hPDLSCs is lower than P3 hPDLSCs ( Figure 4A ). The expression of hTERT, Sox2, Oct4 and c-Myc was significantly decreased in P10 hPDLSCs in comparison with P3 hPDLSCs ( Figure 4B ). Alizarin red staining revealed that mineralized nodules formed by P10 hPDLSCs were significantly less than P3 hPDLSCs ( Figure 4C ). Taken together, these data indicate that the stemness of hPDLSCs is significantly decreased in P10 hPDLSCs in comparison with P3 hPDLSCs.
To evaluate the function of E2 during long-term culture, we examined the proliferation rate of P10 hPDLSCs. By MTS analysis, we found that the proliferation rate of E2 group was significantly higher than Control group, while the proliferation rate was decreased in E2 + ICI group at 72 and 96 hours ( Figure 5A ). Colony-forming unit-fibroblast assay results showed that E2 group had higher CFU-F efficiency (25.5% ± 2.587%) than Control group (21.1% ± 0.755%), but ICI treatment reversed the elevated CFU-F efficiency (20.0% ± 1.716%;
Figure 5B). Next, we explored the influence of E2 on hTERT and stemness-related genes expression in long-term culture by RT-PCR.
Similar to short-term culture, the expression of hTERT, Sox2, Oct4 and c-Myc increased in E2 group, while the expression of genes decreased in E2 + ICI group ( Figure 5C ). These results revealed that E2 was able to elevate proliferation and the expression of stemness-related genes of P10 hPDLSCs. 
| E2 enhanced osteogenic and adipogenic differentiation of hPDLSCs in long-term culture
To investigate the effects of E2 treatment on the osteogenic differentiation of P10 hPDLSCs, the analyses of alizarin red staining, ALP activity assay and Western blotting were used.
Alizarin red staining and quantification results showed that E2 group formed more noticeable mineral nodules than Control group after osteogenic induction ( Figure 6A ). From the results of ALP staining and activity assay, the ALP level in E2 group was significantly higher than Control group ( Figure 6B ). Next we detected the expression of RUNX2, BMP2 and BSP that are considered closely related with osteogenic differentiation. 29 Western blotting results showed that the expression of RUNX2, BMP2 and BSP in E2 group was significantly increased ( Figure 6C) . Nevertheless, the ability of osteogenic differentiation was inhibited by ICI additional treatment. Oil red O staining results showed that E2 elevated the adipogenic differentiation of P10 hPDLSCs, comparing with Control and E2 + ICI group ( Figure 6D ).
These data suggested that E2 promoted osteogenic and adipogenic differentiation of P10 hPDLSCs, compared to Control and E2 + ICI groups.
| E2 elevated the positive rate of CD146 and STRO-1 of hPDLSCs in long-term culture
We examined the effects of E2 on the expression of surface molecules (CD34, CD44, CD90, CD105, CD146, CD166 and STRO-1) in P10 hPDLSCs. We found that the positive rate of CD146 is 27.87 ± 1.65 in E2 group, which is significantly higher than Control and E2 + ICI group, which are 22.23 ± 2.51 and 21.13 ± 2.36 respectively (Figure 7 ). The positive rate of STRO-1 is 3.16 ± 0.28 in E2 group, which is significantly higher than Control and E2 + ICI group, which are 2.57 ± 0.15 and 2.60 ± 0.36 respectively (Figure 7 ). In addition, there was no significant difference for other mesenchymal markers (CD34, CD44, CD90, CD105 and CD166) among control, E2 and E2 + ICI groups BMSCs apoptotic rate, and increase colony-forming via modulating Bcl-2
and Bcl-xL proteins. 35, 36 Furthermore, E2 can enhance proliferation and odonto/osteogenic differentiation of human dental pulp stem cells and stem cells from apical papilla. 14, 15 We found that short-term E2 treatment significantly improved the ratio of (G2/M+S) phases and the expression of cyclin D1 (Figures 2 and 3 ). This may be due to E2 regulation of cyclin D1 and CDK4/6, thus promoting cell transformation from the G2 phase to the S phase. 37, 38 We also found that the E2-induced proliferation was reversed by the oestrogen receptor antagonist ICI 182780.
In this study, we mixed the male and female hPDLSCs together.
However, previous studies demonstrated that there is a gender difference regarding response of male or female donors when MSCs treated with E2 or its antagonist, 13, 39 which probably caused by the gender difference of ER and oestrogen-related receptor in male and female MSCs. Due to the gender difference, the concentration of E2 to male individual needs to be further explored in the application of tissue engineering, avoiding the occurrence of side effects, such as prostate cancer, heart disease and Alzheimer's disease. 40, 41 Therefore, we will focus on the gender difference of the effect of E2 on hPDLSCs in the future study.
During MSC proliferation in vitro, a decrease in telomere length correlates with the loss of cell viability, suggesting that telomere length and telomerase activity are indispensable for the stemness maintenance. 42, 43 Human telomerase reverse transcriptase elongates and stabilizes telomeres, alleviating replicative senescence and apoptosis. 44 In our study, E2 treatment increased the expression of hTERT in hPDLSCs and prevented cellular senescence (Figures 2 and   5 ), which suggests that E2 modulate hTERT to maintain hPDLSCs stemness. Sox2, Oct4 and c-Myc are critical stemness-related genes that maintain pluripotency and self-renewal of embryonic stem cells. Previous studies show that activation of PI3K/AKT pathway stimulates MSC proliferation and differentiation and promotes survival rate and stemness during long-term culture in vitro. 46, 47 It has been reported that E2 promotes the proliferation of MSCs and improves the activity of hTERT via the PI3K/AKT pathway. 48 We further investigated the mechanism of E2 treatment on hPDLSCs stemness. Our results showed that PI3K/AKT/GSK-3β signalling was activated by E2 treatment, while the function was inhibited by LY294002 ( Figure 3 ).
Current evidence indicates that during long-term culture, the proliferation and differentiation capabilities of MSCs decline and the expression of stemness-related genes decrease. 49 In this study, we also found that the stemness of P10 hPDLSCs decreased after long-term culture, which was accompanied by the down-regulation of stemnessrelated genes (Figure 4 ). Comparing with short-term stimulation, longterm stimulation has the advantages of high efficiency, specificity and safely. 50 In long-term stimulation of E2, we observed that the loss of proliferation and differentiation capacities of hPDLSCs was retained in passages of 10 ( Figures 5 and 6 ). We found that P10 hPDLSCs showed higher positive rate of CD146 and STRO-1 in E2 group ( Figure 7) . It has been shown that the high expression of CD146 and STRO-1 in
MSCs is correlated with proliferative potential and osteogenic differentiation capacity. 31, 51 Therefore, the result suggests that E2 promotes the stemness of hPDLSCs by enhancing the positive rate of CD146 and STRO-1.
In summary, our data indicate that short-term and long-term E2 treatment are able to promote the stemness of hPDLSCs in vitro cultures, which caused by stimulation of PI3K/AKT signalling pathway.
These findings provide a new insight into the stemness modulation of hPDLSCs and may facilitate the application of hPDLSCs in tissue engineering.
